The process of microbial translocation was studied using Candida albicans, Escherichia coli, or endotoxin instilled into Thiry-Vella loops of thermally injured guinea pigs and rats. Translocation of C. albicans occurred by direct penetration of enterocytes by a unique process different from classical phagocytosis. Translocation between enterocytes was not observed. Internalization was associated with a disturbance of the plasma membrane and brush border, but most internalized organisms were not surrounded by a plasma membrane. Passage of the candida into the lamina propria appeared to be associated with disruption of the basal membrane with extrusion of cytoplasm of the cell and candida. Organisms in the lamina propria were commonly phagocytized by macrophages but also were found free in lymphatics and blood vessels. Translocation of E. coli and endotoxin also occurred directly through enterocytes rather than between them, but translocated endotoxin diffused through the lamina propria and muscular wall of the bowel wall by passing between rather than through the myocytes. These descriptive phenomena provide new insight into the role of the enterocyte and intestinal immune cells in the translocation process.
The process of microbial translocation was studied using Candida albicans, Escherichia coli, or endotoxin instilled into Thiry-Vella loops of thermally injured guinea pigs and rats. Translocation of C. albicans occurred by direct penetration of enterocytes by a unique process different from classical phagocytosis. Translocation between enterocytes was not observed. Internalization was associated with a disturbance of the plasma membrane and brush border, but most internalized organisms were not surrounded by a plasma membrane. Passage of the candida into the lamina propria appeared to be associated with disruption of the basal membrane with extrusion of cytoplasm of the cell and candida. Organisms in the lamina propria were commonly phagocytized by macrophages but also were found free in lymphatics and blood vessels. Translocation of E. coli and endotoxin also occurred directly through enterocytes rather than between them, but translocated endotoxin diffused through the lamina propria and muscular wall of the bowel wall by passing between rather than through the myocytes. These descriptive phenomena provide new insight into the role of the enterocyte and intestinal immune cells in the translocation process. B5 ERG AND GARLINGTON' defined bacterial translocation as 'the passage of viable bacteria through the epithelial mucosa into the lamina propria and then to the mesenteric lymph nodes, and possibly other tissues.' This concept should be refined to include all microbial translocation, defined as the passage of both viable and nonviable microbes and microbial products such as endotoxin across an anatomically intact intestinal barrier.
Studies in several laboratories have shown that translocation, as measured by recovery of viable organisms from the regional lymph nodes, is increased by hemorrhagic shock,2 antibiotic therapy,3'4 intestinal obstruction,'56 parenterally administered endotoxin,7 hyperpyrexia,8 thermal injury,' intravenous feedings,'0 elemental diets,""1l12 and cytotoxic drugs, 3 but not by simple protein malnutrition7 or T-cell depletion.'4 Translocation of bacteria is decreased by feeding complete enteral diets,I0 glutamine,13,15 trophic hormones such as bombesin,16 and prevention of intestinal ischemia.'7 Based on these observations, it has been postulated that increased rates of translocation increase the hypermetabolic response of injured and septic patients,'8 cause a septic state in surgical patients in the absence ofa defined infectious focus, ' we showed rapid translocation of biotynilated C. albicans into the lamina propria through enterocytes. 27 To better understand the process of microbial translocation, we have used three translocation 'probes' (viable C. albicans, viable E. coli, and partially purified endotoxin) to observe and document the anatomic process of translocation by light and electron microscopy. For this purpose a model was selected to achieve relatively high rates of translocation.
Materials and Methods

Animals and Animal Care
Female Hartley guinea pigs (Murphy Breeding Laboratory, Plainville, IL) weighing 350 to 450 g and male Lewis rats (Harlan Sprague Dawley Inc., Indianapolis, IN) weighing 225 to 250 g were used for these experiments. Animals were quarantined for 1 week in standard laboratory conditions so they could adapt to the environment and to exclude animals with pre-existing diseases. The experimental protocols were approved by the University of Cincinnati Medical Center Institutional Animal Care and Use Committee, and the animals were housed in an AAALAC-approved facility. In conducting the described research in this report, the investigators adhered to the Guide for the Care and Use of Laboratory Animals as set forth by the Committee on the Care and Use of Laboratory Animals, National Research Council, United States Department of Health and Human Services, National Institutes of Htealth.
Surgical Procedures and Burn Injuries
All operative procedures and potentially painful manipulations were performed under general anesthesia.
Guinea pigs were anesthetized with intramuscular injection of 0.2 mg/kg of acetopromazine malate, 0.33 mg/kg, xylazine citrate, and 0.4 mg/kg atropine sulfate. Rats were anesthetized with 65 mg/kg sodium pentothal injected intraperitoneally.
Thiry-Vella loops were created by proximal and distal enterostomy of a 10-cm loop of distal ileum containing at least one Peyer's patch. Bowel continuity was restored by end-to-end anastamosis using a running 6-0 ProleneR suture, and the animals were allowed to recover for 7 to 10 days before experiments were performed.
Burn injury of 50% full-thickness total body surface area (TBSA) was inflicted under general anesthesia according to a previously described method. 27 THE PROCESS OF MICROBIAL TRANSLOCATION tem.30 Brain heart infusion broth was inoculated with C. albicans stock culture and allowed to grow in a shaking water bath at 37 C for approximately 17 hours. One half milliliter of this culture was plated onto Sabouraud dextrose agar and incubated at 37 C for 48 hours. The plates were maintained at 4 C for 3 to 10 days and scraped to collect the C. albicans. The organisms were suspended in phosphate-buffered saline (PBS), pelleted at 2000 rpm, and washed three additional times. The final pellet was suspended in PBS, counted using a hemocytometer, and viability was determined by trypan blue exclusion. Only preparations with more than 90% viability were used with the final concentration adjusted to approximately 1 X 1010 organisms/mL. Preparation of '4C-labeled E. coli. The E. coli strain used, obtained from Richard L. Simmons, M.D., University of Minnesota, Minneapolis, Minnesota, was grown in 75 mL of lipopolysaccharide (LPS) growth media (2.5 g/l peptone, 5 g/l NaCl, 2.5 g/l Na2HPO4) in a shaking water bath at 37 C for approximately 17 hours. This culture was used to inoculate 50 mL of fresh LPS media containing 500 5uCi of 14C glucose (specific activity 310 mCi/mmol, ICN Biomedicals Inc., Cleveland, OH), and then incubated for an additional 19 hours. The isotopelabeled bacteria were washed, resuspended in sterile saline, and adjusted to a final concentration of 1 X 10'°organ-isms/mL using a Klett densitomer (Klett Manufacturing Co., Long Island, NY). Preparation of 14C endotoxin. E. coli was inoculated into 50 mL of LPS growth media and incubated at 37 C in a shaking water bath for approximately 17 hours. This culture was then added to 2 L of LPS growth media containing 1 mCi of '4C glucose and incubated at 37 C as above for an additional 27 hours. The media were then centrifuged at 6500g for 10 minutes at 4 C, the pellet was resuspended in 40 mL of distilled H20 and centrifuged at 2000 rpm for 10 minutes. This pellet was washed in the same manner with 40 mL of absolute ethyl alcohol and then 40 mL of acetone. The final pellet was frozen at -70 C for 1 hour and then lyophilized overnight to dehydrate. The LPS was extracted with 1.5 mL of phenol extraction solution (13% phenol, 33% chloroform, and 54% petroleum ether) and sonicated for 15 minutes until the pellet was completely resuspended. The suspension was then centrifuged at 1OOOg for 15 minutes at 4 C and the supernatant poured through #3 Whatman filter paper into a polypropylene tube, frozen, and lyophilized overnight. Distilled water was added drop by drop to solubilize the phenol and the labeled LPS was collected by centrifugation at 2000g for 10 minutes, frozen at -70 C, and lyophilized for storage at -70 C until use.
Experimental Procedure Either C. albicans 10'0 in 1 mL PBS, E. coli 1010 in 1 mL, or endotoxin (1 mg in 1 mL) was instilled into the Fluorescence microscropy. Frozen sections on slides were warmed at 70 C for 2 minutes, immersed in cold acetone for 10 minutes, and allowed to air dry. The tissue was then rehydrated in PBS pH 7.4 for 2 minutes, excess PBS was removed, and PBS plus 5% goat serum was added and the slides were incubated for 1 hour at 37 C. After incubation the slides were washed for 5 minutes in PBS and mouse anti-LPS (2G 10, 1:40 in PBS + 5% goat serum, described above) was added, and the slides were incubated for 2 hours at 37 C. Following three 10-minute washes in 
Results
Studies with C. Albicans
Specimens from the rats and guinea pigs provided virtually identical examples and will be discussed together. More than 100 semithin sections stained with toluidine blue were examined by LM, and specimens of special interest were sectioned further for study by TEM. A characteristic appearance of C. albicans by LM when stained with toluidine blue as well as a typical appearance by TEM and the presence of pathognomonic budding yeast in many specimens provided easy and sure identification in most specimens.
Translocation directly into the mucosal cells was seen to occur as early as 1 hour after burn. Translocation of candida into the enterocytes was more frequently observed at the villus tips, sometimes associated with submucosal edema. In some specimens there was apparent edema between the epithelial cells but candida were never seen to translocate into these edematous spaces or between cells. Only rarely was there frank ulceration of the villus tips with candidal invasion through the ulcerations. Examination of different specimens from the same animal that showed translocation did not occur uniformly. This variability appeared in some instances to occur because of a lack of access of the organisms to the mucosal surface because of a blanket of mucous. In later experiments attempts were made to remove some of the mucous layer by gentle irrigation of the loop with saline before instillation of the candida, and this promoted a more even distribution of translocation. Even so translocation was seen to occur extensively in villi adjacent to other villi in which no translocation occurred.
Observations ofthe translocation process. By SEM contact of individual candida with attachment to the brush border was readily observed (Fig. 1) . After internalization, the organisms appeared as hemispherical irregularities of the surface. Transmission electron microscopy showed some erosion of the tips of the microvilli, with disorientation of their linear alignment followed by penetration of the organism into the brush border (Fig. 2) . Many organisms were seen associated with the brush border and many organisms were seen within the enterocytes im-502 Ann. Surg. * October 1990 mediately below the plasma membrane, but the actual process of internalization was observed only once (by LM) (Fig. 3) , indicating that the internalization occurred rapidly. Considerable disturbance of the plasma membrane was seen by TEM at sites of entry (Fig. 4) , which could represent loss of continuity of the actin filament network within the brush border. Internalized organisms were contained within vacuoles that were rarely lined by membrane with no evidence of lysosomal degranulation (Fig.  5) . Sometimes more than one candida were seen within an individual enterocyte, and they were found throughout the apical to basal orientations ofthe cells. Passage through the basal side ofthe cell also appeared to be a rapid process and was infrequently observed. However, in one specimen, candida appeared to be extruded into the lamina propria through a disruption of the basement membrane carrying along with them portions of the cytoplasm and intracellular organelles (Fig. 6 ). In this example the disruption may represent local perforation of the plasma membrane allowing release of candida. Morphologically enterocytes appeared otherwise uninjured by this process of transport.
Many candida were found in the lamina propria, indicating that residence there was relatively prolonged. Most of the organisms were found near the villus tips or 503 in the middle of the villi, with only a few at the base, suggesting an orderly egress from this anatomic position. By both LM and TEM, most organisms were engulfed by phagocytic cells, predominately macrophages. Macrophages were encountered that had ingested several candida, and candida were observed in different states ofdegradation. However in many specimens candida were found to be budding both within macrophages and in the extracellular spaces. Perhaps 20% to 30% were within extracellular spaces, many of these free within lymphatics (Fig. 7a) or less frequently in veinules (Fig. 7b) In the submucosal lymphatics, the organisms were found both free and within macrophages, sometimes associated with leukocyte aggregates.
Examples were seen in which a high frequency oftranslocation occurred through the mucosal epithelium covering Peyer's patches. Organisms were seen throughout the structure of the Peyer's patch and appeared to move into the germinal centers through the pericortical tissue. specimens (Fig. 8) , indicated that the germinal centers might be an active site of degradation for candida along with other potential pathogens and effete host cells.
The regional lymph nodes showed candida less frequently than the mucosal cells and lamina propria. When yeast bodies were found, they were both free in lymphatics and engulfed by macrophages throughout the nodes (Fig. 9) .
In specimens taken 24 hours after intraluminal infusion of the yeast, there were fewer numbers within the entero- E. coli
Study of translocation of E. coli in Thiry-Vella loops by light microscopy failed to provide sufficient resolution to accurately trace the process. Because of this it was difficult to accurately select areas for thin-section processing. Nevertheless, using TEM, several organisms were seen embedded in the brush border as well as within the cytoplasm (not shown). Like candida the E. coli was always within the enterocytes and never was seen passing between them.
Examination of frozen sections of tissue stained by a fluorescent antibody technique using a lipopolysaccharidespecific monoclonal antibody revealed that the translocation process for E. coli was both similar to and different from that of C. albicans. This difference arose because fluorescent staining occurred not only ofthe infused, intact live organisms but also of live resident E. coli, infused and resident dead E. coli, and endotoxin that was free from bacterial cells.
Within 1 hour granular staining was prominent within the enterocytes, the granules being both quite small and the size of the E. coli organism itself (Fig. 1 1) . Clumping and aggregation of these particles became more prominent in the lamina propria with beginning concentration within cells, presumably macrophages. The relative numbers of stained cells and their density increased as the bottom of the lamina propria was approached. Stained cells as well as free fluorescent particles were readily demonstrable within the submucosa but insufficient resolution was not possible on frozen sections to determine whether the stained particles were largely within vascular structures or outside them. A remarkable feature was that the specific granular stain was seen to extend throughout the muscular layers to the serosa, concentrating between rather than in cells.
The above observations were interpreted to show that both E. coli and its endotoxin product, which were identified by the lipopolysaccharide-specific monoclonal antibody, pass into the lamina propria directly through enterocytes in a manner similar to the larger C. albicans and not through the intercellular spaces. Once within the lamina propria, the E. coli and endotoxin appeared to be both free and cell bound, presumably to phagocytic mac- rophages. As the E. coli and endotoxin passed through the lamina propria, there was increasing concentration in cells, but there also was a considerable diffusion directly through the intercellular spaces of the muscular wall to reach the serosal surface.
Endotoxin
Samples to examine the translocation of endotoxin by fluorescence microscopy were processed in exactly the same manner as were samples for E. coli, and the findings were similar, with the exception that the stain within the enterocytes was more diffuse than granular (Fig. 12) . Once inside the lamina propria, the endotoxin was concentrated within cells, presumably macrophages, and also spread diffusely throughout the intercellular spaces into and through the muscular wall, passing between the myocytes.
Discussion
Several factors are known to lead to increased translocation of microbes across the intestinal barrier.32 These include (1) direct injury to the enterocytes, as may occur with gamma irradiation or toxins; (2) reduced blood flow to the intestine, as may occur with hemorrhagic shock or the systemic administration ofendotoxin or inflammatory agents; (3) an increase in the microbial load, as may occur with resistant organisms following the use of antibiotics or antacids; and (4) altered nutrition, as may occur with the administration of defined elemental enteral diets or intravenous hyperalimentation. Particle size also may influence the rate of translocation, with smaller particles translocating more easily.
In this study we used a model that was associated with a relatively high rate oftranslocation. In the isolated ThiryVella loop, lack of luminal nutrients is associated with atrophy of the mucosa, even in well-nourished animals. However Deitch et al. 7 have shown that malnutrition with mucosal atrophy in itself will not necessarily result in an increase in translocation of bacteria. Use of a 50% burn coupled with a high concentration of microbes within the lumen of the Thiry-Vella loop was associated with a high rate of translocation, which, at least in the case of C. albicans, occurred by precisely the same mechanisms as were observed in intact gastrointestinal tracts of animals receiving thermal injury with or without antibiotics (unpublished observations).
The most important finding of our study is that both large (C. albicans) and small (E. coli) intact microbes and endotoxin translocated directly through morphologically intact enterocytes through a similar mechanism, which is different from classical phagocytosis and exocytosis. Translocation through rather than between enterocytes is consistent with the previous observations of Cole et al.,23 who demonstrated direct internalization of candida by enterocytes after intragastric inoculation into 5-to 6-dayold mice and also the recent study of Wells et al.,26 who showed that enterococci translocated through rather than between enterocytes in mice. These studies are remarkable in that endotoxin and perhaps some intact organisms once in the lamina propria pass between cells and through the muscular layer of the bowel to the serosa. This finding is consistent with the observations of Wells et al.,33 who showed translocation of enteric bacteria through the intestinal wall into experimental intraperitoneal abscesses, and Papa et al.,34 who demonstrated transmural migration of endotoxin through ischemic colons in dogs.
The observation that large amounts of endotoxin translocated across the mucosa is also an important finding. The usual method for quantitation of microbial translocation in experimental models is by enumerating culturable organisms in the mesenteric lymph nodes or other organs, but clearly this does not accurately reflect what has passed the intestinal barrier. The use of monoclonal antibodies as a semiquantitative marker for this process provides a more meaningful assessment for endotoxin. In an unpublished study using '4C-labeled E. coli, infused into the gastrointestinal tract of mice, we showed that less than 0.1% of the radioactive label localizing in the mesenteric lymph nodes and the spleen was associated with viable bacteria when the animals were killed 1 to 4 hours after a 30% thermal injury. In this model, as well as the model with the Thiry-Vella loop, translocation was found to occur early, less than 1 hour after injury.
We showed that early feeding after burn injury decreases translocation in animals,35 dampens the hypermetabolic response, and preserves intestinal morphology. ' Further investigation of the mechanisms regulating enterocyte function should lead to a better understanding of how to control the translocation process and better assess its role in the pathophysiology of human disease.
